Traumatic spinal cord injury (SCI) often results in the deficiency of glia and neurons in cystic cavities. These syringomyelic cysts can prevent axonal regeneration and sprouting. Details of the mechanism of syringomyelic cyst formation are unknown and an effective treatment for overcoming syringomyelic cysts is not available.
Background
Six million people worldwide have spinal cord injury (SCI), most of whom are young [1] . Due to post-injury pathological processes, traumatic SCI results in cystic cavities, which can be deficient in glia and neurons [1, 2] . Syringomyelic cyst capsules are formed by astrocytes, fibroblasts, ependymal cells, and collagen fibers and they exhibit neither uniform composition nor thickness [3] . These syringomyelic cysts are able to gradually elongate and expand after injury. It is widely accepted that endogenous factors, including syringomyelic cyst formation, prevent both the regeneration and sprouting of axon and compress the nerve fibers that deliver the impulses from the brain to the extremities [4] [5] [6] .
In most human patients, spinal cord syringomyelic cysts develop at 4-6 weeks after SCI [3, 7] . Many clinical and experimental studies have utilized various methods for repairing acute-phase SCI [7] [8] [9] [10] [11] . The syringomyelic cysts seem to be "incurable" with current treatments. Thus, the number of patients suffering from chronic SCI increases every year.
There is a heated debate on whether the syringomyelic cyst formation limits axonal regeneration and sprouting. To find the answer, a number of studies have been conducted in vivo [12] [13] [14] . After a literature review, we found there is no promising strategy for studying or overcoming post-SCI syringomyelic cysts in any animal model, including rodents, which are widely utilized by researchers.
Several approaches for the delivery of material or drugs into the exposed spinal cord were reported. These techniques include lesion site delivery [14] , multi-target point delivery [15] , and single-point with various intervals delivery [16] . A satisfactory strategy for locating the cysts after SCI is not currently available. None of the aforementioned approaches could be repeated accurately in a single individual. As we assessed, the rodent thoracic spinal cord is 0.1-0.3 cm in diameter and the cysts created in this narrow space are minuscule. This situation leads to a low success rate of precise location and delivery. Thus, a reliable strategy for syringomyelic cyst delivery in vivo is desirable.
The present study describes a novel strategy for the precise delivery into syringomyelic cysts using a magnetic resonance imaging (MRI) system. This strategy may aid in developing both a new method for studying chronic spinal cord injury and a novel treatment for the syringomyelic cysts.
Material and Methods

Animals
Experiments were carried out in compliance with the principles of International Laboratory Animal Care, and were approved by the Ethics Committee of Pirogov Russian National Research Medical University, and the European Communities Council Directive of 24 November 1986 (86/609/EEC). All efforts were made to minimize the number of animals used and their suffering. In advance of the study, 10 adult female Wistar rats (180-220 g body weight) underwent contusion spinal cord injury modeling resulting in clear signs of syringomyelic cyst formation. They were kept under controlled conditions (temperature: 22°C; humidity: 40%) on a 12-h light/dark cycle with clean food and water ad libitum. The PSI-IH Impactor (Precision Systems and Instrumentation LLC, Fairfax, VA) was used to initiate the injury. After a satisfactory laminectomy at the T10 level, a force of 200 kilodynes was induced to impact the exposed spinal cord. The rats were randomly divided into 2 groups. Group 1 (3 rats) was used to prove the accuracy of our method by undergoing additional MRI scans to calculate the coordinates for locating the cyst, but rats were not injected with nanoparticles. Group 2 (7 rats) underwent nanoparticle delivery after using the MRI images to locate a cyst and then to calculate the volume change of the cyst after nanoparticle delivery. MRI scanning was performed using 7 T animal MRI scanner (ClinScan, Bruker BioSpin) on the first and the fourth week after SCI ( Figure 1 ) to evaluate the formation of syringomyelic cysts. For coronal images, T2-weighted images in coronal plane were acquired by Turbo Spin Echo sequence with the following parameters: FOV 120×59.2 mm, base resolution 320×158, TR=3850 ms, TE=39 ms, slice thickness 1 mm, number of acquisition=1, echo train length=9. For sagittal images, T2-weighted images in sagittal plane were acquired by Turbo Spin Echo sequence with the following parameters: FOV 100×49.2 mm, base resolution 256×126, TR=3850 ms, TE=42 ms, slice thickness 1 mm, number of acquisition=3, echo train length=9.
Syringomyelic cyst entry point coordinates calculation
All rats were anesthetized throughout the whole procedure with the E-Z Anesthesia system (EZ-7000 330, PA, USA). The rats were restrained on a warm pad in the prone position. The fur over T10 was shaved and the exposed skin was sterilized. The skin and the superficial fascia, which may cause resistance, were opened along the initial laminectomy incision. Two silver acupuncture needles (Kazan medical instruments plant JSC) were inserted through the erector spinae. The needles were positioned parallel to the ground and at a 40 degree angle to the spine with 1 needle on both sides of the animal. The tips the needles were passed through the muscle and intersected each other, creating a cross-like shape (Figure 2A, 2B) . A MRI was performed to calculate both the volume of the syringomyelic cyst and the 3-dimensionl (3D) coordinates using the crossed needles as a reference point. Both the lateral and the longitudinal distances between the syringomyelic cyst and the crossed needles were measured with software (MultiVox Dicom Viewer) ( Figure 2C-2E ). The depth of the syringomyelic cyst, in relation to the surface fascia, was also measured.
Locating the syringomyelic cyst
The 3 rats in Group 1 were used to evaluate the accuracy of the calculated coordinates. A microinjection unit (Leica Biosystems Richmond) was set to guide a third silver needle through the tissues into the syringomyelic cyst according to the calculated coordinates. An MRI was performed with the third silver needle in situ, to evaluate the location and precision of the insertion.
Intra-cyst delivery
Intra-cyst delivery was performed on the 7 rats of Group 2 with the help of the microinjection unit and Razel Syringe Pump (Razel scientific) system. The nanoparticles were designed as previously reported [17] . Using a 25-μl Nanofil syringe with a 33-gauge needle, 8 μl of nanoparticles were delivered into the syringomyelic cyst at 4 μl/min. After the delivery, the needle was retracted slowly over a 2-min period. A post-procedure MRI was performed to evaluate the nanoparticle placement. The volumes of the syringomyelic cyst pre-and post-delivery were compared. To prove the repeatability of the approach, each rat underwent a second nanoparticle delivery (8 μl). The post-procedure MRI was again performed to evaluate the changed volume of the syringomyelic cyst. An evaluation of the change in cyst volume was performed using the MRI images taken after each of the 2 nanoparticle injections.
Statistical analysis
Data are expressed as mean ± standard error of mean (SEM) values of the mean, median, and minimum-maximum. Differences among groups were assessed with one-way analysis of variance (ANOVA) using SPSS 17.0 statistical package (SPSS Inc., Chicago, USA). Differences were considered statistically significant when p<0.05. 
Results
The operation, delivery, and MRI were performed by experienced surgeons and were well-tolerated by all rats. None of the rats died intra-or post-operatively.
Syringomyelic cyst character
The average volume of the syringomyelic cyst was 5.71±0.21 mm 3 . The formation of the syringomyelic cyst presented differently in each individual (Figure 3 ). Three main classes were observed: 5 rats showed the sign of class 1 (50%), with the appearance of single cyst in the lesion site; 3 rats showed the sign of class 2 (30%), with the appearance of 2 separated cysts with similar size in the lesion site; and 2 rats showed the sign of class 3 (20%), with the appearance of several small cysts in the lesion site.
Syringomyelic cyst locating
The third silver acupuncture needle, introduced into the rats of Group 1, was clearly observed in the cyst in the MRI results (Figure 4 ). Syringomyelic cysts were effectively located with the 3D coordinates.
Intra-cyst delivery
Nanoparticle delivery was successfully performed twice in the rats of Group 2. As shown in Figure 5 , the visualized 
Discussion
Wound healing in the spinal cord after SCI can result in the formation of syringomyelic cysts. The detailed mechanism of the formation of syringomyelic cyst remains poorly understood.
Some researchers believe the syringomyelic cysts lead to a lack of axonal regeneration and sprouting [4] . Efforts have been made to overcome the barrier effect caused by the syringomyelic cyst. A previous report suggested a surgical approach for spinal cord cyst management. Surgical management carries a high risk of re-injuring the newly regenerated axons [18] . We doubt the risk out-weighs the possible benefit. Cell transplantation has achieved a certain level of success in both clinical and experimental studies, even though its detailed mechanism is still unknown [14, 19] . Clinical reports suggest possible approaches to transplant stem cells into the syringomyelic cyst cavity [19] . However, due to the narrow structure of the rodent's spinal cord, this strategy has not been successfully conducted in rats or mice. According to our literature review, the present study is the first to describe a reproducible and precise delivery approach into the syringomyelic cyst cavity in an animal model.
The syringomyelic cyst formation is thought to be related to the central canal dilation and ependymal region disruption, which can lead to excess CSF fluid in the injury area [20] . The syringomyelic cyst gradually forms after the accumulation of CSF and the maturing of the outer capsule [20] . The outer capsule is scar tissue, consisting of a glial scar enveloping parenchyma with fibrous scar tissue in the core [21] . Glial fibrillary [22, 23] . The lesion core consists of collagen IV [21] . It is widely accepted by surgeons that the optimal strategy for stem cells therapy is intra-syringomyelic cyst delivery of the cells. Conversely, most of the current basic research employs lesion site delivery [14] , multi-target point delivery [15] , and single-point with various intervals delivery [16] methods. We hypothesized that efficacy of the cell transplantation is affected by the unique composition of each syringomyelic cyst capsule and the variation of fluid pressure within the cyst.
In the present study, we used magnetic nanoparticles as the transplantation substance. The magnetic nanoparticles are known to be a negative contrast agent for the MRI due to their super-paramagnetic properties. After intra-cyst injection, the nanoparticles spread inside the cyst and they appeared as a dark area in T2-weighted MRI, masking the real volume of the cyst. In this case we did not reduce the actual volume of the cyst, but just visualized the injection site and total volume. Thus, the volume further decreased significantly after the second delivery, suggesting the present approach is reproducible. MRI imaging is necessary for evaluating the contusion after SCI in the animal model, as lesion sites can be accurately evaluated and measured with this diagnostic method. In our experiences, syringomyelic cysts occur in various areas of the spinal volume, even when all models are created by the same surgeon and using the same well calibrated electrical impactor. Syringomyelic cysts can differ in shape and quantity in each individual (Figure 1, Figure 3) . It was reported that the most important clinical sign of syringomyelia is pain [24, 25] ; other neurological deficits, including thoracic-limb weakness, muscle atrophy, and pelvic limb ataxia and weakness, were also [25, 26] . At present, the literature suggests that signs of pain are not well correlated with the size of the syringomyelia [27] . However, few papers focussed on the detailed correlation between the character of the syringomyelic cyst and the ability of SCI patients to recover function after injury. We can at least infer that the when less space is occupied by syringomyelic cysts in the chronic injury lesion site, there is more space for the injured axons to sprout and possibly re-connect.
Conclusions
We described an approach that can be used for precise drug, nanomaterial, scaffold, antibody, and biomarker delivery in vivo research. We believe it will be a reliable approach for repairing the syringomyelic cyst, and also for studying chronic spinal cord injury.
